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Charged Higgs bosons H± are predicted by some non-minimal Higgs scenarios, such as models
containing Higgs triplets and two-Higgs-doublet models, so that the experimental observation of
these bosons would indicate physics beyond the Standard Model. In the present work, we introduce
a new channel to indirect search for the charged Higgses through the hadronic decay of polarized
top quarks where a top quark decays into a charged Higgs H+ and a bottom-flavored hadron B via
the hadronization process of the produced bottom quark, t(↑) → H+ + b(→ B + jet). To obtain
the energy spectrum of produced B-hadrons we present, for the first time, an analytical expression
for the O(αs) corrections to the differential decay width of the process t→ H
+b in the presence of
a massive b-quark in the General-Mass Variable-Flavor-Number Scheme (GM-VFNS). We find that
the most reliable predictions for the B-hadron energy spectrum are made in the GM-VFN scheme,
specifically, when the Type-II 2HDM scenario is concerned.
PACS numbers: 14.65.Ha, 13.88.+e, 14.40.Lb, 14.40.Nd
I. INTRODUCTION
There are many reasons, both from experimental
observations and theoretical considerations, to expect
physics beyond the Standard Model (BSM), such as the
hierarchy problem, neutrino oscillations and dark mat-
ter. Many numerous attempts have been done and are
still in progress to build new physics models which can
explain these puzzles. Among them, some well-known ex-
amples are the Minimal Supersymmetric Standard Model
(MSSM) [1] and the Two-Higgs-Doublet Models (2HDM)
[2, 3], so the latter is known as the simplest model. In
many extensions of the Standard Model (SM) such as
the 2HDM, the Higgs sector of the SM is enlarged typi-
cally by adding an extra doublet of complex Higgs fields.
In the 2HDM, after spontaneous symmetry breaking, the
two scalar Higgs doublets H1 and H2 yield three physical
neutral Higgs bosons (h, H, A) and a pair of charged-
Higgs bosons H± [4].
The observation of a (singly-)charged-Higgs boson in the
current and future runs of the Large Hadron Collider
(LHC) would clearly indicate a definitive evidence of new
physics beyond the SM.
From the element |Vtb| ≈ 1 of the Cabibbo-Kobayashi-
Maskawa (CKM) quark mixing matrix [5], it is found that
the top quark is decaying dominantly through t → bH+
in the 2HDM [2, 3], providing that the top quark mass
(mt), bottom quark mass (mb) and the charged-Higgs bo-
son mass (mH+) satisfy the condition: mt > mb +mH+ .
In this situation, one may expect measurable effects in
the top quark decay width and decay distributions due
to the H±-propagator contributions, which are poten-
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tially large in the decay chain t→ bH+ → b(τ+ντ ).
At the LHC, it is expected to have a cross section
σ(pp → tt¯X) ≈ 1 (nb) at design energy √s = 14 TeV
[6]. With the LHC design luminosity of 1034cm−2s−1 in
each of the four experiments, one may expect to have
a tt¯ pair per second so that with this remarkable po-
tential the LHC can be considered as a superlative top
factory which allows one to search for the charged-Higgs
bosons in the subsequent decay products of the top pairs
tt¯ → H±W∓bb¯ and tt¯ → H±H∓bb¯. New results of a
search on the charged-Higgs bosons in the proton-proton
collision at a center of mass energy of
√
s = 8 TeV are
reported by the CMS [7] and ATLAS [8] Collaborations
at the LHC, and we shall discuss on these results and
the restrictions imposed over the MSSM mH+ − tanβ
parameter space in Section V. In our numerical analy-
sis we restrict ourselves to the unexcluded regions of this
parameter space.
As was mentioned, due to |Vtb| ≈ 1 of the CKM matrix
the top quark almost exclusively decays to b-quark via
t → bH+, in the 2HDM. On the other hand, b-quarks
hadronize, via b→ B +X , before they decay so that the
decay process t→ BH++X is of prime importance and it
is an urgent task to predict its partial decay width as real-
istically and reliably as possible. Therefore, at the LHC
of particular interest would be the distribution in the
scaled B-hadron energy (xB) in the top quark rest frame
so that the study of this distribution is proposed as a new
channel to indirect search for the charged Higgs bosons.
To study the scaled energy spectrum of B-hadrons we
determine the quantity dΓ(t→ BH+ +X)/dxB.
According to the factorization theorem of the QCD-
improved parton model [9], the B-hadron energy distri-
bution can be determined by the convolution of the par-
tonic differential decay width (dΓ/dxb) of the subprocess
t→ bH+, with the nonperturbative fragmentation func-
2tion (FF) DBb , as
dΓ
dxB
=
dΓ
dxb
(µR, µF )⊗DBb (
xB
xb
, µF ), (1)
where, xb stands for the scaled-energy fraction of the bot-
tom quark and the DBb -FF describes the splitting process
b → B + X in which X refers to the unobserved final
state particles. In (1), µF and µR are the factorization
and renormalization scales, respectively, and the integral
convolution is defined as (f⊗g)(x) = ´ 1
x
dy/yf(y)g(x/y).
In [10], we studied the energy spectrum of the bottom-
flavored mesons through unpolarized top quark decays
in the 2HDM at next-to-leading order (NLO) of the
QCD radiative corrections. In [11], we studied the spin-
dependent energy distribution of B-mesons produced
through polarized top decays in the massless scheme or
Zero-Mass Variable-Flavor-Number scheme (ZM-VFNs)
[12] where the zero mass parton approximation is also ap-
plied to the bottom quark. This massless approximation
simplifies the evaluation of the NLO QCD corrections
largely but at the price of losing the accuracy of analy-
sis. For example, by this approximation the results for
the energy spectrum of B-mesons are independent of the
model selected.
In the present work, we impose the effects of bottom
quark mass on the spin-dependent energy spectrum of
B-mesons employing the General-Mass Variable-Flavor-
Number (GM-VFN) scheme in which we preserve the b-
quark mass from the beginning. Our calculations are
done in a special helicity frame where the polarization
direction of the top quark is evaluated with respect to
the b-quark three-momentum ~pb. As will be shown, the
results are different in two variants of the 2HDM and it
is found that the NLO corrections with mb 6= 0 to be
significant, specifically, when the type-II 2HDM is con-
sidered.
In the SM, due to |Vtb| ≈ 1 the top quark decays dom-
inantly through the decay mode t → bW+. In [13–17],
we investigated the energy distribution of B-mesons pro-
duced in polarized and unpolarized top quark decays
in the SM. For the unpolarized top decays, the total
distribution of the B-hadron energy is obtained by the
summation of two contributions due to the decay modes
t → bH+ (in the 2HDM) and t → bW+ (in the SM),
i.e. dΓtot/dxB = dΓ
SM(t → BW+)/dxB + dΓBSM(t →
BH+)/dxB . The same result is valid for the polarized
top quark decay as long as the spin direction of the po-
larized top quark is evaluated relative to the b-quark
three-momentum, as in our present work. Thus, at the
LHC any deviation of the B-meson energy spectrum from
the SM predictions can be considered as a signal for the
existence of charged Higgs. Although, the SM contri-
bution is normally larger than the one coming from the
2HDM (this comparison is studied in Ref. [10]), but there
is always a clear separation between the decay channels
t → bW+ and t → bH+ in both the tt¯X pair produc-
tion and the t/t¯X single top production at the LHC, this
point is mentioned in [18].
As a last point; for the decay chain t → bH+ →
b(τ+ντ ) one has Γ(t → bτ+ντ ) = Γ(t → bH+) ×
BR(H+ → τ+ντ ) in the narrow width approximation
for the Higgs boson. For the numerical values applied
in this work, the branching ratio BR(H+ → τ+ντ ) = 1
[19], to a very high accuracy. Therefore, the results pre-
sented in this work are also valid for the decay chain
t(↑)→ Bτ+ντ +X .
This paper is organized as follows. In Sec. II, we in-
troduce the general angular structure of the differential
decay width in a specific helicity frame. In Sec. III, we
present our analytical results of the O(αs) QCD correc-
tions to the tree-level rate of t(↑)→ bH+ in the fixed fla-
vor number scheme. In Sec. IV, in a detailed discussion
we describe the GM-VFN scheme by introducing the per-
turbative FF b → b. In Sec. V, our hadron level results
in the GM-VFN scheme will be presented. In Sec. VI,
our conclusions are summarized.
II. ANGULAR STRUCTURE OF
DIFFERENTIAL DECAY RATE
Here, we concentrate on the decay process t(↑)→ bH+
in the general 2HDM, where H1 and H2 are the dou-
blets whose vacuum expectation values give masses to
the down and up type quarks, respectively, and a lin-
ear combination of the charged components of H1 and
H2 also gives the physical charged Higgs H
+ (H+ =
cosβH+2 − sinβH+1 ). The parameter β is defined in the
following.
Basically, the dynamics of the current-induced t → b
transition is embodied in the hadronic tensor Hµν ∝∑
Xb
〈
t(pt, st)|Jµ†|Xb
〉 〈Xb|Jν |t(pt, st)〉, where st de-
notes the spin of the top quark. At the NLO QCD ra-
diative corrections, only two types of intermediate states
are contributed; |Xb >= |b > for the Born level term
and O(αs) one-loop contributions and |Xb >= |b + g >
for the O(αs) tree graph contribution. In the SM,
where one has t → bW+, the weak current is given by
Jµ = (JVµ − JAµ ) ∝ ψ¯bγµ(1 − γ5)ψ¯t while in the 2HDM,
the current is given by Jµ ∝ ψ¯b(a+ bγ5)ψ¯t.
Generally, in models with two Higgs doublets and
generic coupling to all the quarks, it is difficult to avoid
tree level flavor changing neutral currents, therefore, we
limit ourselves to models that naturally stop these prob-
lems by restricting the Higgs coupling. As may be found
in [20], the first possibility is to have the doublet H1 cou-
pling to all bosons and the doublet H2 coupling to all
the quarks (called model I in the following). This model
leads to the coupling factors as
a =
gW
2
√
2mW
Vtb(mt −mb) cotβ,
b =
gW
2
√
2mW
Vtb(mt +mb) cotβ, (2)
where, tanβ = v2/v1 is the ratio of the vacuum expec-
tation values of the two electrically neutral components
3of the two Higgs doublets and the weak coupling fac-
tor gW is related to the Fermi’s coupling constant by
g2W = 4
√
2m2WGF .
In the second possibility (called model II), the doublet
H2 couples to the right-chiral up-type quarks (uR, cR, tR)
while the H1 couples to the right-chiral down-type
quarks. In this model the coupling factors read
a =
gW
2
√
2mW
Vtb(mt cotβ +mb tanβ),
b =
gW
2
√
2mW
Vtb(mt cotβ −mb tanβ). (3)
These models are mostly known as Type-I and Type-II
2HDM scenarios. The type-II is the Higgs sector of the
Minimal Supersymmetric Standard Model (MSSM) up to
SUSY corrections [1]. Two other models (models III and
IV) are also possible which are explained in our previous
work [11] in detail. See also [21]. Here, we just mention
that the analytical results presented for the partonic pro-
cess t(↑) → bH+ are the same both in models I and IV
and also in models II and III.
In the rest frame of a polarized top quark decaying into
a b-quark and a Higgs boson (and a gluon at NLO), the
final-state particles (b,H+, g) define an event frame. Rel-
ative to this event plane, the polarization direction of top
quark can be defined. In this work, we analyze the decay
mode t(↑) → bH+(+g) in the rest frame of the polar-
ized top quark where the three-momentum of the bot-
tom quark points into the direction of the positive zˆ-axis
and the polar angle θP is defined as the angle between
the polarization vector of top quark and the zˆ-axis, see
Fig. 1 of Ref. [11].
The general angular distribution of the differential de-
cay width dΓ˜/dxb of a polarized top quark is given by
the following form to clarify the correlation between the
polarization of the top quark and its decay products
d2Γ˜
dxbd cos θP
=
1
2
{
dΓ˜unpol
dxb
+ P
dΓ˜pol
dxb
cos θP
}
, (4)
where the polar angle θP shows the spin orientation of the
top quark relative to the event plane and P (0 ≤ P ≤ 1)
is the magnitude of the top quark polarization. In the
notation above, the first and second terms in the curly
bracket correspond to the unpolarized and polarized dif-
ferential decay rates, respectively. As usual, we define
the scaled-energy fraction of the bottom quark as
xb =
Eb
Emaxb
=
2mtEb
m2t +m
2
b −m2H+
. (5)
The O(αs) radiative corrections to the unpolarized dif-
ferential width dΓ˜unpol/dxb have been studied in [10],
extensively, and the NLO QCD corrections to the po-
larized partial rate dΓˆpol/dxb in the ZM-VFN scheme
(with mb = 0) are studied in [11]. In the present work,
we compute the NLO QCD radiative corrections to the
polarized partial rate dΓ˜pol/dxb in the GM-VFN scheme
where mb 6= 0 is considered from the beginning. These
analytical results are new and presented for the first time.
III. PARTON LEVEL RESULTS
A. Born term results
It is straightforward to compute the Born term con-
tribution to the partial decay rate of the polarized top
quark in the 2HDM in the presence of the b-quark mass.
The Born term amplitude for the process t(↑) → bH+
can be parameterized as M0 = u¯b(a + bγ5)ut, so for
the squared amplitude one has: |M0|2 = 2(pb · pt)(a2 +
b2)+ 2(a2− b2)mbmt+4abmt(pb · st), where we replaced∑
st
u(pt, st)u¯(pt, st) = (6pt+mt) in the unpolarized Dirac
string by u(pt, st)u¯(pt, st) = (1 − γ5 6st)(6pt + mt)/2 in
the polarized state. Then, the polarized tree-level decay
width reads
Γ˜0P = Γ˜
pol
Born =
1
16πmt
λ1/2(1,
m2b
m2t
,
m2H+
m2t
)×(
2abm2tλ
1/2(1,
m2b
m2t
,
m2H+
m2t
)
)
=
mtλ
8π
(ab), (6)
where λ = λ(x, y, z) = (x−y−z)2−4yz is the Källén func-
tion and the factor
√
λ/(16πmt) = PS2 is the two-body
phase space factor. This result is in complete agreement
with Refs. [22, 23]. The unpolarized Born-level rate can
be found in our previous work [10]. Considering Eqs. (2)
and (3), in (6) for the product of two coupling factors in
the model I (type-I 2HDM scenario), one has
ab =
GF√
2
|Vtb|2m2t (1−
m2b
m2t
) cot2 β, (7)
and for the model II (type-II 2HDM scenario),
ab =
GF√
2
|Vtb|2m2t (1−
m2b
m2t
tan4 β) cot2 β. (8)
Since mb ≪ mt, the bottom quark mass can always be
safely neglected in the model I, while in the model II, the
second term in (8) can become comparable to the first
term when tanβ becomes large, then one can not naively
set mb = 0 in all expressions. For instance, if one takes
mb = 4.78 GeV, mt = 172.98 GeV, mH+ = 155 GeV and
tanβ = 5 thus the second term in the parenthesis (8)
can become as large as O(48%) and this order will be
larger when tanβ is increased. Therefore, the results in
the type-II 2HDM scenario depend on the b-quark mass
extremely, unless the low values of tanβ(tanβ ≤ 1) are
applied, however, these small values of tanβ are now ex-
cluded by the CMS and ATLAS experiments at the LHC.
In [11], we adopted the ZM-VFN scheme (with mb = 0)
which is not suitable for the Type-II 2HDM scenario.
There, we pointed out that our phenomenological predic-
tions are restricted to the Type-I 2HDM. In the present
work we retain the b-quark mass and extend our results
to both models and shall compare them.
In the following, in a detailed discussion we calculate
the O(αs) QCD corrections to the Born-level width and
present an analytical expression for dΓ(t(↑) → BH+ +
X)/dxB at NLO in the GM-VFN scheme.
4B. Virtual gluon corrections including
counterterms and one-loop vertex correction
Basically, the one-loop virtual corrections to the tbH+-
vertex consist of both the infrared (IR) and the ultravio-
let (UV) singularities. The UV-divergences appear when
the integration region of the virtual gluon momentum
goes to infinity and the IR-divergences arise from the soft-
gluon singularities. Here, we adopt the on-shell mass-
renormalization scheme and all singularities are regular-
ized by dimensional regularization in D = 4 − 2ǫ space-
time dimensions where ǫ ≪ 1. Using the dimensional
regularization technique one obtains the well-defined in-
tegrals which are finite while all singularities are sum-
marized in the ǫ. This is done by the replacement:´
d4pg/(2π)
4 → µ4−D ´ dDpg/(2π)D in the one-loop in-
tegrals, where µ is an arbitrary reference mass which will
be removed after summing all corrections up.
For simplicity, we introduce the following abbreviations:
S =
1
2
(1 +R− y),
β =
√
R
S
,
Q = S
√
1− β2, (9)
Φ(xb) = S
[√
x2b − β2 − ln
β
xb −
√
x2b − β2
]
,
T = S(1− xb)
√
x2b − β2 + xbΦ(xb),
where the scaled masses y = m2H+/m
2
t and R = m
2
b/m
2
t
are defined. Choosing these notations, the tree-level total
width (6) is simplified as
Γ˜0P =
mtQ
2
2π
(ab). (10)
Also, the normalized energy fraction xb (5) is given by
xb =
Eb
mtS
. (11)
Taking the above notations, the contribution of virtual
corrections into the decay width reads
dΓ˜vir,pol
dxb
=
Q
8πmt
|Mvir|2δ(1− xb), (12)
where, |Mvir|2 = ∑Spin(M †0Mloop +M †loopM0) and the
factor PS2 = Q/(8πmt) is a two-body phase space factor,
as in (6). The renormalized amplitude is now written as
Mloop = u¯b(Λct+Λl)ut, where Λl arises from the one-loop
vertex correction and Λct stands for the counter term.
The counter term of the vertex consists of the mass and
the wave function renormalizations of both the top and
bottom quarks [22–24], as
Λct = (a+ b)
(
δZb
2
+
δZt
2
− δmt
mt
)
1 + γ5
2
+(a− b)
(
δZb
2
+
δZt
2
− δmb
mb
)
1− γ5
2
, (13)
where, the wave function and the mass renormalization
constants are expressed as
δZq = −αs(µR)
4π
CF
[ 1
ǫUV
+
2
ǫIR
− 3γE + 3 ln 4πµ
2
F
m2q
+ 4
]
,
δmq
mq
=
αs(µR)
4π
CF
[ 3
ǫUV
− 3γE + 3 ln 4πµ
2
F
m2q
+ 4
]
. (14)
In the equation above, mq(q = b, t) is the mass of the
relevant quark, γE = 0.5772 · · · is the Euler constant
and CF = (N
2
c − 1)/(2Nc) = 4/3 for Nc = 3 quark col-
ors. Also, ǫIR and ǫUV represent infrared and ultraviolet
singularities.
The real part of the one-loop vertex correction is given
by
Λl =
αsm
2
t
πQ
CF (2ab)G(m
2
b ,m
2
t ,m
2
H+), (15)
with
G = 2Q2 − 4m2tSQ2C0(m2b ,m2t ,m2H+ ,m2b , 0,m2t )
+(R+RS − 2S2)B0(m2b , 0,m2b)
+(2R− S −RS)B0(m2H+ ,m2b ,m2t )
+(R+ S − 2S2)B0(m2t , 0,m2t ), (16)
where, B0 and C0 functions are the Passarino-Veltman
2-point and 3-point integrals, respectively. The analyti-
cal form of these integrals can be found in Ref. [25].
All the ultraviolet divergences shall be canceled after
summing all virtual corrections up but the infrared sin-
gularities (ǫIR) are remaining which are now labeled by
ǫ. Putting everything together, for the virtual differen-
tial decay width normalized to the Born-level total rate
(10) one has
1
Γ˜0P
dΓ˜vir,pol
dxb
= −αs(µR)
4πQ
CF δ(1− xb)
{
Q
2
lnR
[
8S
y
−8
y
+
3(a2 + b2)
ab
− 2S
Q
ln
√
R
]
+ 2S ln2(S +Q)
+S ln
S +Q
S −Q
(
− ln S −Q
R
√
R
− 2RS + S − 2R
Sy
)
−2
[
S ln
S +Q
S −Q − 2Q
](
ln
4πµ2F
m2t
− γE + 1
ǫ
)
+4S
[
Li2(S −Q)− Li2(S +Q) + Li2( 2Q
S +Q
)
+ ln y ln(S −Q)− lnR ln(1− S −Q) + Q
S
]}
.
(17)
This result after integration over xb is in complete agree-
ment with Ref. [22].
C. Real gluon radiative corrections
If we denote the polarization vector of the real gluon
by ǫ(pg, λ), the O(αs) real gluon emission (tree-graph)
5amplitude reads
Mtree = gs
λa
2
u¯b
{2pσt − 6pgγσ
2pt · pg −
2pσb + γ
σ 6pg
2pb · pg
}
×(a1+ bγ5)utǫ⋆σ(pg, λ). (18)
In the ZM-VFN scheme, the IR-divergences arise from
the soft- and collinear gluon emissions while in the GM-
VFN scheme there are no collinear divergences and all
IR-singularities arise from the soft real gluon emission.
As before, to regulate the IR-divergences we work in D-
dimensions so that the contribution of real gluon emission
into the polarized differential decay rate is given by
dΓ˜real,pol =
1
2mt
µ
2(4−D)
F
(2π)2D−3
dPS3(pt, pH , pb, pg)|M tree|2,
(19)
where dPS3 is the three-body phase space
dPS3 =
∏
i=b,g,H
dD−1pi
2Ei
δD(pt −
∑
i=b,g,H
pi). (20)
To compute the real differential decay rate dΓ˜real/dxb,
in (19) the momentum of b-quark is fixed and over the
energy of the gluon is integrated. The energy of gluon
ranges from Eming = F (1−Sxb−S
√
x2b − β2) to Emaxg =
F (1 − Sxb + S
√
x2b − β2), where F = mtS(1 − xb)/(1 +
R− 2Sxb).
To achieve the correct finite terms in the rate 1/Γ˜0P ×
dΓ˜real,pol/dxb, the Born width Γ˜0P (6) must be evaluated
in the dimensional regularization at O(ǫ), i.e. Γ˜0P →
Γ˜0P {1−ǫ
[
2 lnQ+γE−ln(4πµ2F /m2t )
]}. When integrating
over the phase space, terms of the form (1 − xb)−1−2ǫ
arise which are due to the radiation of a soft gluon in
top decay at NLO. Note, the Eg → 0 limit corresponds
to the limit xb → 1. Thus for a massive bottom quark,
where xb,min = β, we apply the following expansion [26]
(xb − β)2ǫ
(1 − xb)1+2ǫ = −
1
2ǫ
δ(1− xb) + 1
(1− xb)+ +O(ǫ), (21)
where the plus distribution is defined as usual.
Finally, the contribution of real gluon emission reads
1
Γ˜0P
dΓ˜real,pol
dxb
=
CFαs(µR)
2πQ
{
δ(1− xb)
[
− 4Q ln 2S√
y
+ (R− 1) ln 1− S −Q
1 +Q− S
−2S[Li2(S −Q)− Li2(S +Q) + Li2( 2Q
S +Q
)
]
+(
S ln
Q+ S
S −Q − 2Q
)(
γE − 1
ǫ
− ln 4πµ
2
F
m2t
+ 2 ln(1 − β)
)
−S ln S +Q
S −Q
(
− 1 + R
S
− 2 ln(2S) + 1
2
ln
S +Q
S −Q
)]
−2S(1 + xb)T
Q
√
x2b − β2
− 4ST
√
x2b − β2
Q(1− xb)+
}
. (22)
To obtain an analytic result for the polarized partial de-
cay rate, by summing the tree level, the virtual and the
real contributions, one has
1
Γ˜0P
dΓ˜pol
dxb
= δ(1− xb) + CFαs(µR)
2πQ
{
δ(1 − xb)
[
− 2Q− 4Q ln 2S(1− β)√
y
+
4S
[
Li2(S +Q)− Li2(S −Q)− Li2( 2Q
S +Q
)
]
+(R− 1) ln 1− S −Q
1 +Q− S − lnR
(
3(a2 + b2)Q
4ab
+
2Q(S − 1)
y
+ S ln
1 +Q− S
1− S −Q
)
−
4S ln
S −Q√
R
(
ln(2S(1− β)) + 1
2
ln
y
R
+
ln
S −Q√
R
+
S(1 + y) +R(S − y − 2)
2Sy
)]
−T
(
2S(1 + xb)
Q
√
x2b − β2
+
4S
√
x2b − β2
Q(1− xb)+
)}
. (23)
As is seen, all IR-singularities are canceled and the final
result is free of singularities.
In Ref. [22], authors considered a specific helicity co-
ordinate system where the polarization vector of the top
quark was evaluated relative to the Higgs boson three-
momentum. In [27], we applied the same frame and ob-
tained the polarized differential decay width dΓˆpol/dxb
at the parton-level in the ZM-VFN scheme to obtain the
energy spectrum of B-hadrons (according to Eq. (1)).
There, we showed that our analytical result for the
parton-level differential decay rate dΓˆpol/dxb is in agree-
ment with [22] after integration over xb(0 ≤ xb ≤ 1).
In this work, following our previous work [11], we consid-
ered a new helicity frame where the polarization vector of
the top quark is evaluated relative to the b-quark three-
momentum. Applying the same techniques, our results
for the Born rate (10) and virtual corrections (17) are
the same in both helicity frames but the real corrections
(22) and, in conclusion, the NLO differential decay width
(23) are different and completely new. In next section we
present our reason for correctness of the obtained result.
IV. GENERAL-MASS
VARIABLE-FLAVOR-NUMBER SCHEME
In this work, our main purpose is to evaluate the
scaled-energy distribution of the B-hadron produced in
the inclusive process t(↑) → BH+ + X in the 2HDM.
Therefore, we calculate the NLO decay width of the cor-
responding process differential in xB (dΓ
pol/dxB) in the
GM-VFN scheme, where xB = EB/(mtS) is the scaled-
energy fraction of the B-hadron (as for xb in (11)). In the
top quark rest frame applied in our work, the B-hadron
6has the energy EB = pt · pB/mt, where mB ≤ EB ≤
[m2t +m
2
B −m2H+ ]/(2mt).
Considering the factorization theorem (1), the B-hadron
energy spectrum can be obtained by the convolution of
the parton-level spectrum (23) with the nonperturbative
fragmentation function (FF) DBb (z, µF ). We will discuss
about the FFs needed, later.
We now explain how the quantity dΓpol(µR, µF )/dxb
will have to be evaluated in the GM-VFN scheme. In
Sec. III, we employed the Fixed-Flavor-Number (FFN)
scheme which contains of the full mb dependence. In the
FFN scheme, the large logarithmic singularities of the
form (αs/π) ln(m
2
t/m
2
b) spoil the convergence of the per-
turbative expansion when mb/mt → 0. The massive or
GM-VFN scheme is devised to resum these large loga-
rithms and to retain the whole nonlogarithmic mb de-
pendence at the same time and this is achieved by intro-
ducing appropriate subtraction terms in the NLO FFN
expression for dΓ˜pol/dxb. In this case, the NLO ZM-VFN
result is exactly recovered in the limitmb/mt → 0. In the
GM-VFN scheme, the subtraction term is constructed as
1
Γ0P
dΓpolSub
dxb
= lim
mb→0
1
Γ˜0P
dΓ˜polFFN
dxb
− 1
Γˆ0P
dΓˆpolZM
dxb
, (24)
where 1/Γˆ0P × dΓˆpolZM/dxb is the partial decay rate com-
puted in the ZM-VFN scheme [11], in which all informa-
tion on the mb-dependence of dΓˆ
pol/dxb is wasted.
In conclusion, the GM-VFN result is obtained by sub-
tracting the subtraction term from the FFN one [28, 29],
1
Γ0P
dΓpolGM
dxb
=
1
Γ˜0P
dΓ˜polFFN
dxb
− 1
Γ0P
dΓpolSub
dxb
. (25)
Taking the limit mb → 0 in Eq. (23), one obtains the
following subtraction term
1
Γ0P
dΓpolSub
dxb
=
αs(µR)
2π
CF ×{
1 + x2b
1− xb
[
ln
µ2F
m2b
− 2 ln(1− xb)− 1
]}
+
.(26)
This result coincides with the perturbative FF of the
transition b → b [30] and is in consistency with the
Collin’s factorization theorem [9], which guarantees that
the subtraction terms are universal. Thus, the result ob-
tained in (26) ensures the correctness of our result shown
in (23).
V. NUMERICAL ANALYSIS
In the MSSM, the mass of charged Higgses is restricted
by mH± > mW± at tree-level [31], however, this restric-
tion is not valid for some regions of parameter space after
including radiative corrections. In the MSSM, mH± is
strongly correlated with the mass of other Higgs bosons.
In Ref. [19] is mentioned that a charged Higgs with a
mass range 80 GeV ≤ mH± ≤ 160 GeV is a logical pos-
sibility and its effects should be searched for in the decay
chain t→ bH+ → Bτ+ντ +X .
On the other side, the last results of a search for ev-
idence of a light charged Higgs boson (mH < mt) in
19.5− 19.7fb−1 of proton-proton collision data recorded
at
√
s = 8 TeV are reported by the CMS [7] and the
ATLAS [8] collaborations, using the τ + jets channel
with a hadronically decaying τ lepton in the final state.
According to Fig. 7 of Ref. [8], the large region in the
MSSM mH+ − tanβ parameter space is excluded for
mH+ = 80−160 GeV and the only unexcluded regions of
this parameter space include the charged Higgs masses
as 90 ≤ mH+ ≤ 100 GeV (for 6 < tanβ < 10) and
140 ≤ mH+ ≤ 160 GeV (for 3 < tanβ < 21). See also fig-
ure 9 of Ref. [7]. Therefore, in this work our phenomeno-
logical predictions are restricted to these unexcluded re-
gions, however, a definitive search of the charged Higgses
over these parts of the mH+ − tanβ parameter space still
has to be carried out by the LHC experiments.
In the following, for our numerical analysis we adopt
the input parameter values from Ref. [32] as; GF =
1.16637×10−5 GeV−2,mt = 172.98GeV,mb = 4.78GeV,
mW = 80.399 GeV, mB = 5.279 GeV, and |Vtb| =
0.999152, and from the unexcluded mH+ − tanβ param-
eter space determined by the ATLAS experiments [8], we
also adopt mH+ = 95, 155 GeV and 160 GeV.
Now, we present and compare our results for the NLO
decay widths Γ(t(↑) → bH+) in the ZM- and GM-VFN
schemes in both models. Considering mH+ = 160 GeV,
one has
Γ˜polNLO
Γ˜0P
= 1− 0.026 for Type-I Scenario
Γ˜polNLO
Γ˜0P
= 1− 0.591 for Type-II Scenario (tanβ = 10)
Γ˜polNLO
Γ˜0P
= 1− 0.523 for Type-II Scenario (tanβ = 16)
ΓˆpolNLO
Γˆ0P
= 1− 0.033 in ZM-VFNs for both scenarios
(27)
and for mH+ = 95 GeV, they read
Γ˜polNLO
Γ˜0P
= 1− 0.118 for Type-I Scenario
Γ˜polNLO
Γ˜0P
= 1− 0.681 for Type-II Scenario (tanβ = 10)
Γ˜polNLO
Γ˜0P
= 1− 0.617 for Type-II Scenario (tanβ = 16)
ΓˆpolNLO
Γˆ0P
= 1− 0.109 in ZM-VFNs for both scenarios
(28)
Note that the normalized decay rates in the ZM-VFNS
(ΓˆpolNLO/Γˆ0P ) are independent of the models while in the
7GM-VFN scheme the normalized widths of the polarized
top decays (Γ˜polNLO/Γ˜0P ) depend on the model selected,
extremely. Also, the results in the Type-I 2HDM scenario
are independent of tanβ, while the Type-II 2HDM results
depend on the tanβ.
Here, we are in a situation to present our results for
the scaled-energy distribution of hadrons inclusively pro-
duced in polarized top decays in two variants of the
2HDM. Since the bottom quarks produced through the
top decays hadronize before they decay and each b-jet
contains a bottom-flavored hadron which most of the
times is a B-meson, then we study the energy distribution
of B-mesons. For this study, we consider the quantity
dΓ(t(↑) → BH+ + X)/dxB. According to the factor-
ization formula (1), to evaluate dΓ/dxB one needs the
parton-level decay width (dΓpolGM/dxb) described in sec-
tion IV, and the nonperturbative fragmentation function
DBb (z, µF ) which describes the splitting of b→ B at the
desired scale µF . To describe the hadronization process
b → B, from Ref. [33] we adopt the nonperturbative
fragmentation function DBb (z, µF ) determined at NLO
through a global fit to electron-positron annihilation data
taken by OPAL [34], ALEPH [35] and SLD [36]. In [33],
a simple power model as Db(z, µ
ini
F ) = Nz
α(1 − z)β is
proposed as a initial condition for the b → B FF at the
initial scale µiniF = 4.5 GeV. Their fit results for the FF
parameters read: N = 4684.1, α = 16.87, and β = 2.628.
The nonperturbative FF DBb (z, µF ) at each desired scale
might be generated via the DGLAP evolution equations
[37]. Note that, in the factorization formula (1) the fac-
torization (µF ) and renormalization (µR) scales are com-
pletely arbitrary and, in principle, one can select different
values for them. In this work, we adopt µR = µF = mt
that allows us to get rid of the term ln(µ2F /m
2
t ) in the
the partial decay rate in the ZM-VFNs (dΓˆpolNLO/dxb),
see the analytical result in [11]. In [11], we also investi-
gated the dependence of the B-meson energy spectrum
on these scales considering two other different values:
µR = µF = mt/2 and µR = µF = 2mt. Since in Ref. [33]
no uncertainty is reported for the nonperturbative FF
DBb (z, µF ), then this scale variation can be considered as
a just theoretical uncertainty.
Considering the unexcluded MSSM mH+ − tanβ pa-
rameter space from the CMS [7] and ATLAS [8] exper-
iments, in Fig. 1 we present our prediction for the xB-
spectrum at NLO taking tanβ = 8. Our results for the
ZM- and GM-VFN schemes are compared in the model
I, taking mH+ = 95 GeV and mH+ = 155 GeV. As is
seen the zero-mass approximation (withmb = 0), applied
in our previous work [11], works good to a high accu-
racy. Here, the B-hadron mass creates a threshold, e.g.,
at xB = 2mB/(mt(1+R−y)) ≈ 0.28 formH+ = 155GeV
when mb 6= 0.
In Fig. 2, considering the model I of 2HDM we study
the energy spectrum of B-hadron in the ZM- and GM-
VFN schemes for different values of tanβ = 8 and
12, where the mass of Higgs boson is fixed to mH+ =
155 GeV. As is seen, when tanβ increases the decay
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Figure 1: Comparison of the xB spectrum in the ZM- and
GM-VFN schemes in the Type-I 2HDM scenario at the scale
µF = mt. Different values of the Higgs boson mass are consid-
ered, i.e. mH+ = 95 GeV and mH+ = 155 GeV. Another free
parameter is fixed to tanβ = 8. Thresholds are also shown.
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Figure 2: xB spectrum in polarized top decay in the Type-
I 2HDM. The GM-FVNS results are compared to the ZM-
VFNS ones using tan β = 8 and tanβ = 12 while the charged
Higgs mass is fixed to mH+ = 155 GeV. Thresholds are also
shown.
rate decreases in both schemes, as Γ˜0P is proportional
to cot2 β, see (6) and (7). As in Fig. 1, the results of
massless and massive schemes are, with a good approxi-
mation, the same so the results of ZM-VFN scheme show
an enhancement in the size of decay rates, specifically at
xB = 0.8.
In Fig. 3, considering the GM-VFN scheme the NLO
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Figure 3: dΓ/dxB as a function of xB in the Type-I and
Type-II 2HDM scenarios considering the GM-VFN (mb 6= 0)
scheme. We set mH+ = 95 and 155 GeV taking tan β = 6.
This plot can be also considered as the results for the model
II in the ZM- and GM-VFN schemes.
energy spectrum of B-hadrons are compared in both
models of the 2HDM (Type-I and II) for mH+ = 95 GeV
and mH+ = 155 GeV where tanβ is fixed to tanβ = 6.
As is seen, the B-hadron energy spectrum in the 2HDM
extremely depends on the model and one can not also
naively set mb = 0 in all expressions in the model II.
Also, the results from the model I are always larger than
the ones from the model II in most of xB-regions.
Note that, in one hand, the results of the model I do not
depend on the b-quark mass largely (Figs. 1 and 2) and,
on the other hand, in the limit mb → 0 the results of
both models are the same (see Eqs. (7) and (8)), then
the results shown in Fig. 3 for the model I (solid and
dotted lines), in principle, can be assumed as the results
of model II in the ZM-VFN scheme. In fact, the results
shown in Fig. 3 can be also considered as the results for
the model II in the ZM- and GM-VFN schemes and this
figure shows that there is an egregious difference between
the massless and massive schemes.
Finally, the results from Figs. 1-3, specially Fig. 3,
show that the most reliable results are made in the GM-
VFN scheme, specifically, when the Type-II 2HDM sce-
nario is concerned.
VI. CONCLUSIONS
Charged Higgs bosons H± are predicted in many ex-
tensions of the Standard Model consist of, at least, two
Higgs doublets, of which the simplest are the two-Higgs-
doublet models (2HDM) so the discovery of them would
clearly indicate unambiguous evidence for the presence
of new physics beyond the SM. Although, the charged
Higgs bosons have been searched for in high energy ex-
periments, in particular, at the Tevatron, ATLAS and
CMS but they have not been seen so far and a definitive
search is a program that still has to be carried out by the
CERN LHC.
In this work, which is a fundamental extension of our
previous work [11], we introduce a channel to indirect
search for the charged Higgs bosons. In fact, since the
main production mode of light charged Higgses in the
2HDM is through the top quark decay, t → bH+, and
whence bottom quarks hadronize (b → B) before they
decay, then the study of B-meson energy spectrum in the
decay mode t→ BH++X would be of prime importance
at the LHC. In other words, at the LHC any deviation of
the B-meson energy spectrum from the SM predictions
[15] can be considered as a signal for the existence of
charged Higgs.
In [11], using the massless or ZM-VFN scheme (with
mb = 0) we studied the spin-dependent energy dis-
tribution of B-mesons (d2Γˆpol/(dxBd cos θP )) produced
through the polarized top decays in a special helicity co-
ordinate system, where the event plane lies in the (xˆ, zˆ)
plane and the b-quark three-momentum is considered
along the zˆ-axis. In this system the polarization vec-
tor of the top quark is evaluated relative to the b-quark
three-momentum. In the ZM-VFN scheme, since all in-
formation on the mb dependence of the B-hadron spec-
trum is wasted, then our results are reliable just for the
Type-I 2HDM scenario. In the present work, we stud-
ied the same decay mode in the GM-VFN scheme where
mb 6= 0 is considered from the beginning, however, con-
sidering the b-quark mass effects makes the calculations
so complicated. Unlike the massless results, the massive
decay rates are extremely dependent on the scenario se-
lected in the 2HDM, specifically, when the type-II 2HDM
scenario is concerned. Our results show that the most re-
liable predictions for the B-hadron energy spectrum are
made in the GM-VFN scheme.
Note that, since for the branching ratio of the decay
H+ → τ+ντ one has BR(H+ → τ+ντ ) = 1 to a very
high accuracy, then the results presented in this work for
dΓ(t(↑) → BH+ +X)/dxB are also valid for dΓ(t(↑) →
Bτ+ντ +X)/dxB.
Our formalism elaborated in this work can be also ex-
tended to other hadrons, such as pions, kaons and pro-
tons, etc., using the nonperturbative b → π/K/P FFs
extracted in [38, 39], relying on their universality and
scaling violations.
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